ABSTRACT Correlated color temperature (CCT) is an important feature of the LED luminaire. However, its influence on visual discomfort remains vague due to the lack of a comprehensive study based on ocular physiological parameters and psychological assessment. In this paper, the investigation was carried out by the measurement of ocular parameters and the collection of subjective score. Three physiological parameters were used including higher order aberrations, modulation transfer function, and the ratio of accommodative convergence to accommodation ratio. It is shown that CCT has significance influence on human eye, and the proper CCT for the ocular health of moderate myopia people is near 5000 K. In addition, the results imply that the perception of discomfort is caused by psychological perception rather than ocular fatigue.
I. INTRODUCTION
Color temperature of lighting source, which is defined as the temperature of blackbody radiation when it shows the same color with the lighting source [1] , describes the lighting color of the luminaire. Since scholars found it difficult to use colors assumed by blackbody to describe white lights or daylight, the concept of correlated color temperature (CCT) was proposed [2] . As to LED luminaires, correlated color temperature parameter reflects the condition of safety and health [3] , thus attracting the interests of a growing number of researchers [4] . Investigations on LEDs have been carried on towards the directions of tunable correlated color temperature by self-adjustment [5] , [6] . Consequently, it is necessary to gain insights into the influence of correlated color temperature on human beings.
Correlated color temperature affects people by altering their perceptions on both color and temperature. People are prone to feel warm in the environment of light with dominate frequencies toward red while cool in light whose dominate frequencies toward blue [7] . Perception caused by correlated color temperature is believed to be a complicated psychology physical parameter, which is likely to be influenced by subjective as well as objective factors [8] . In the lighting environment with different correlated color temperatures, people will have distinct comfort levels arising from variations on visual functions, circadian rhythm and working efficiency [9] .
Researches on the effect of correlated color temperature have been carried on by a large amount of people for decades. As to the non-visual effects, most previous researchers focused on the measurements of heart rates [10] , melatonin contents [11] , brain waves [12] and reaction times [13] . When it comes to the effect on visual functions, most of the studies tended to utilize subjective rating [14] . However, the sole use of psychological method seems hardly competent to clarify the influence on ocular function such as imaging quality.
In the present study, the effect of correlated color temperature on the visual function was analyzed according to the variations of objective parameters that reflect vision status VOLUME 6, 2018 2169-3536 2017 IEEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. of human eyes: higher order aberrations (HOAs), modulation transfer function (MTF) and the ratio of accommodative convergence to accommodation ratio (AC/A). Aberrations from 6th to 9th term of Zernike polynomial were used to reflect the distortion of image in the retina. MTF is used to describe the visual contrast of the vision system. AC/A is used to describe the strength of ciliary muscle. Correlations are found between physiological parameters. Other parameters are not selected in this study due to the instability or the difficulties for measuring. It is expected to figure out the proper correlated color temperature for human eye, and to clarify the correlation between ocular function variation and subjective perception in different correlated color temperatures.
II. MATERIAL AND METHOD
All subjects in the present study were staffs of several LED production companies in South China, and the average age of them was about 30 years old. For those who suffer myopia in China, moderate myopia patients account for more than half, so subjects with diopters varying between −1.00 to −4.00 were selected for this test. VA distribution of subjects is that 40% for 0.8 and 60% for 1.0. The IOP distribution is as follow: 20% in the range of 14∼15, 40% in the range 15∼16, 20% in the range of 16∼17 and 20% in the range of 17∼18.
Before the task, TOPCON KR-1 auto keratometry analyzer, Sigma Tester VT-1 and TOPCON 3D OCT-1 (3D Optical Coherence Tomography) were employed in order to screen out those with other oculopathies such as cataract, glaucoma or amblyopia, thus ensuring the health conditions of subjects.
There were curtains in the room for test for keeping out sunlight. LED lamps with the illuminance of 550lux and the fluctuation depth below 0.5% were hung in the ceiling. The reading task was performed on a piece of horizontal paper with Landolt rings on white table with the height of 0.75m. In the current experiment the visual field got direct lighting and the illuminance uniformity was about 0.85. After enough rest of eyes for about 15 minutes in dark rooms, subjects were set in lighting environments of LED luminaires with different correlated color temperatures of 4000K, 5000K and 6000K. Then measurements of the three visual function parameters were carried out on them.
HOAs and MTF data were collected by aberration analyzer which was developed by Institute of Optics and Electronics, Chinese Academy of Sciences, and calibrated by Beijing Institute of Metrology and Inspection (Certificate No.H413Z-G0125). During the measurement of HOAs and MTF, each subject set the chin and forehead attaching to the horizontal beam and face plate respectively with one eye aiming at the detector. Then the aberration data were collected and transported to the software, by which aberration data from the 1st term to the 35th term were collected and saved. The measurement of the aberration is based on HartmannShark method. During the measurement, our instrument emits a beam of reference ray and there will be an image of the dot source. This dot image will emit a beam of ray which transports through the crystalline lens and cornea and the distorted wavefront will be formed. Then the distorted ray will reach the lens array, and the image dot will be formed in the CCD. By the comparison between the measured dot and the origin dot in the centroid and the edge, we can get the wavefront slope. After the calculation of the wavefront slope, the wavefront reconstruction is carried out according to the Zernike Model. By the least square method we can get the Zernike coefficient in the polynomial formula. Then the wavefront aberration will be calculated from the polynomial formula.AC/A data were measured by phoroptor RT-3100. Each subject was seated by the tester with eyes looking through the lenses at the letter 4m in front and the number 0.45m in front respectively. According to the distant and the near eye positions, the value of AC/A could be calculated with the equation [15] AC/A = PD + 0.45
In the equation, PD represents to pupil distance. Each subject was led to read the test papers that contain a number of lines consist of Landolt rings with breaches in different directions. For each line subjects were asked to count rings whose breach was upward. The reading task lasted for 45 minutes. After that, visual function parameters were measured again for each subject. There were 20 subjects in the experiment. The first day they were measured for the 4000K lamps, and the second day and third day they were measured for the 5000K and 6000K respectively. Each measurement takes only 45 minutes each day, and the rest time is enough to eliminate the influence of the order of the experiments. Subjective scores ranking in the range of 0∼5 were also collected according to their subjective perceptions of discomfort for different correlated color temperatures. The large number corresponded to the high degree of discomfort. Data were analyzed by the software SPSS 20.
III. EXPERIMENTAL RESULTS
High order aberration (HOA) describes the distortion of image formed in the retina. Aberrations from 6th to 9th term (the third order) of Zernike polynomial were used to represent comatic aberrations, sphere aberrations and the trefoil aberrations of human eyes in the current analysis. The modulation transfer function (MTF) describes the ratio of contrast inside human eyes to that outside human eyes. It describes the visual contrast of the vision system. Differences of MTF data measured before and after the visual task were utilized here to reflect the variation of MTF during the reading task. Variations of MTF data were multiplied by 51,445 so that the distinctions are clearer for analysis. Both the HOA and the MTF reflect the imaging quality of human eye. The ratio of accommodative convergence to accommodation ratio (AC/A) describes the strength of ciliary muscle. It is likely to be changed when excessive fatigue is accumulated. Before and after the reading task, variation of the physiological parameter could indicate the influence of the lighting environment on human eye.
In Figure 1 , aberration variation of 5000K is lower than variation of 4000K and 6000K for the 6th, 7th and 8th term. No obvious difference is found between variation of 4000K and 6000K. Results are similar in Figure 2 and 3. It is indicated that lighting environment with different correlated color temperatures has different degrees of influence on the imaging quality of human eye and the strength of ciliary muscle, and the proper correlated color temperature for ocular physiological function is about 5000K. For detailed information on the influence caused by correlated color temperature, t-test result is present in Table 1 . Significance emerges in the 6th, 7th, 8th, MTF and AC/A in the pair 4000K-5000K and the pair 5000K-6000K, while the pair 4000K-6000K presents no significance. Notably, no significance is found in the three pairs for the item of subjective score. It is implied that the perception of discomfort seems not sensitive to the variation of correlated color temperature. For further insights into the influence of correlated color temperature, correlation analysis is employed to figure out the correlation between subjective perception and ocular physiological variation. It is indicated that the 6th term of aberration is correlated with the 7th and the 8th term ( Table 2 ). These correlations are in accordance with the expectation since all these parameters describe various aspects of the vision quality. AC/A is correlated to the comatic and sphere aberration as well as MTF (Table 3) . Comatic aberration and sphere aberration reflect two kinds of distortions of image, and MTF describes the ocular contrast. All these parameters reflect the imaging quality, which is affected by ocular structure variation. Ocular structure is likely to be controlled by the ciliary muscle, and the strength of ciliary muscle is described by AC/A.
For subjective score, correlation is not obvious, although the significance of the 7th term of aberration and MTF is near 0.05. The perception of discomfort results from ocular discomfort as well as the mental discomfort that might be connected to excessive brain load or the estrogen stimulation. Subjective score is able to describe mental discomfort, but it is likely to be invalid when it comes to ocular discomfort which is reflected by imaging quality or the strength of ciliary muscle.
The color temperature of 5000K corresponds to the spectrum power distribution which has a mean power distribution of the red and green and blue color. For sunny day in South China such as Chongqing, the sunlight is likely to present the color temperature of 5000K from 12:00 to 14:00. The color corresponding to this color temperature is nearly white blue, which is helpful for human to relax the spirit as well as the eye. 
IV. CONCLUSIONS
In the present research, a comprehensive study based on ocular physiological parameters and psychological assessments are utilized to clarify the influence on ocular function such as imaging quality. Aberrations, MTF and AC/A are selected as physiological parameters to reflect the ocular function. Aberrations from 6th to 9th term of Zernike polynomial were used to reflect the distortion of image in the retina. MTF is used to describe the visual contrast of the vision system. AC/A is used to describe the strength of ciliary muscle. Correlations are found between physiological parameters. In the lighting environment of about 5000K, the influence on ocular function is the least. Psychological subjective score has no correlation with ocular function parameters, indicating that the perception of visual fatigue is likely to be caused by mental discomfort or emotion factors instead of ocular physiological discomfort. This is the first time that ocular function parameters are used to evaluate the lighting parameter of LED luminaires. This method is promising to bring about new thoughts and insights for researches on luminaires. His research has been focused on the performance analysis of luminaires and visual safety protection, and standardization research of visual health and safety. VOLUME 6, 2018 
